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Introduction {#sec001}
============

Hydrogels are composed of hydrophilic polymer networks crosslinked by chemical reactions such as covalent bonding, ionic bonding, hydrogen bonding, hydrophobic interactions, and crystallizing segments as well as protein interactions, etc. Diverse polymerization techniques facilitate hydrogel synthesis and control of their physical properties (such as degradation, stiffness, porosity, and swelling), to which encapsulated cells respond in terms of viability, proliferation, differentiation, and spreading. To date, a variety of naturally sourced and synthetic polymer-based materials have been employed as hydrogels for biomedical applications, including regenerative medicine, drug delivery, and tissue engineering \[[@pone.0163902.ref001]--[@pone.0163902.ref004]\].

For biomedical applications, naturally sourced polymers have advantages over synthetic polymers in terms of their low immunoresponse, high biocompatibility, and available bioactive motifs in the polymer \[[@pone.0163902.ref002], [@pone.0163902.ref005], [@pone.0163902.ref006]\]. Gelatins are produced by partial hydrolysis of native collagen, a major component of the extracellular matrix (ECM) in most animal tissues, and have been widely used in the food, pharmaceutical, cosmetic, and photography industries \[[@pone.0163902.ref007], [@pone.0163902.ref008]\]. They contain abundant arginine-glycine-aspartic acid (RGD) sequences, which promote cell adhesion, and target sequences of matrix metalloproteinases (MMP), which facilitate ECM remodeling \[[@pone.0163902.ref002], [@pone.0163902.ref009], [@pone.0163902.ref010]\]. As denatured collagens, gelatins have excellent solubility, low antigenicity and a low gelling point, but have a low mechanical modulus and undergo rapid degradation \[[@pone.0163902.ref002], [@pone.0163902.ref005], [@pone.0163902.ref006], [@pone.0163902.ref008], [@pone.0163902.ref010], [@pone.0163902.ref011]\].

To compensate for such disadvantages, chemically modified gelatin, gelatin methacryloyl (GelMA), can form photopolymerized hydrogels through UV irradiation in the presence of a photoinitiator \[[@pone.0163902.ref002]\]. Also, GelMA enables production of structures with various patterns or morphologies using micromolding or photopatterning techniques \[[@pone.0163902.ref009], [@pone.0163902.ref012]\]. Furthermore, 3D structures can be fabricated by stereolithography \[[@pone.0163902.ref013]--[@pone.0163902.ref015]\] for studies of cell-biomaterial interactions and control of cell behavior \[[@pone.0163902.ref016]--[@pone.0163902.ref019]\].

The physiological activities, mechanical properties and morphological changes of cells cultured on or within GelMA hydrogels have been investigated. For example, porcine gelatin based-GelMA and GelMA-microgels incorporating carbon nanotubes, gold nanoparticles and graphene oxides \[[@pone.0163902.ref004], [@pone.0163902.ref009], [@pone.0163902.ref020]--[@pone.0163902.ref022]\]. Although GelMA hydrogels or hybrids with other functional materials modulate cellular responses, clinical application of these hydrogels from mammalian sources must take into consideration the potential for zoonosis (e.g., Bovine Spongiform Encephalopathy) \[[@pone.0163902.ref008], [@pone.0163902.ref010], [@pone.0163902.ref023]\].

Given the background, fish gelatin has emerged as a useful biomaterial that could substitute for mammalian gelatin. In recent years, research related to fish gelatin extraction and its application in biomedical engineering has increased due to its advantages over mammalian gelatin. First, economical production due to use of discarded byproducts of routine fish processing, unlike mammalian gelatin, the cost of which is influenced by that of raw materials \[[@pone.0163902.ref007]\]; and second, fewer personal or religious restrictions (e.g., vegetarianism, Judaism, Islam and Hinduism), who may be reluctant to use mammalian-origin biomaterials \[[@pone.0163902.ref007], [@pone.0163902.ref024]--[@pone.0163902.ref027]\].

In this study, we synthesized fish gelatin-based GelMA hydrogel using a conventional UV polymerization method after introducing a methacrylamide group to fish gelatin. The fish GelMA was compared with porcine GelMA in terms of physical properties (elastic modulus, degradation and water swelling) and cell behavior (viability, proliferation and spreading). The results suggest the feasibility of use of fish GelMA as a substitute for mammalian GelMA in drug delivery, regenerative medicine and tissue engineering.

Materials and Methods {#sec002}
=====================

Materials {#sec003}
---------

Gelatin from porcine skin (Type A, 300 bloom), gelatin from cold-water fish skin, methacrylic anhydride (MA), 2,4,6-trinitrobenzene sulfonic acid solution (TNBS) and 3-(trimethoxysilyl)propyl methacrylate (TMSPMA) were purchased from Sigma-Aldrich (Wisconsin, USA). Microscope slides and cover glasses were purchased from Marienfeld-Superior (Lauda-Königshofen, Germany). Culturewell^™^ Chambered Coverslips were purchased from Grace Bio-Labs (Oregon, USA). The UV light source (Omnicure S2000) was purchased from EXFO Photonic Solutions Inc. (Ontario, Canada). Spacer thickness was measured using electronic dial calipers (Mitutoyo Co, Tokyo, Japan).

Synthesis of gelatin methacryloyl (GelMA) {#sec004}
-----------------------------------------

Fish and porcine GelMA was synthesized as described previously ([Fig 1A](#pone.0163902.g001){ref-type="fig"}) \[[@pone.0163902.ref002], [@pone.0163902.ref009]\]. Gelatin was mixed at 10% (w/v) in phosphate-buffered saline (PBS; Welgene, Korea) (50°C) and stirred until fully dissolved. Methacrylic anhydride was added until the target volume (0.25, 1.25, and 20% (v/v) of MA) was reached at a rate of 0.5 ml/min to the gelatin solution with stirring at 50°C and allowed to react for 2 h. The reactive amine and hydroxyl groups of the amino acid residues were modified by changing the amount of MA present in the initial reaction mixture. After dilution (5×) with warm (40°C) PBS to stop the reaction, the mixture was dialyzed against distilled water using 12--14 kDa cutoff dialysis tubing for 1 week at 40°C to remove low-molecular-weight impurities (including unreacted MA and methacrylic acid byproducts, etc.), which are potentially cytotoxic. The solution was lyophilized for 7 days to generate a white porous foam and stored at 4°C until further use.

![Synthesis of fish gelatin methacryloyl (GelMA) and fabrication of photocrosslinked GelMA hydrogel.\
(A) Gelatin was reacted with methacrylic anhydride (MA) to introduce a methacryloyl substitution group on the reactive amine and hydroxyl groups of the amino acid residues. (B) GelMA photocrosslinking to form A hydrogel matrix under UV irradiation. The free radicals generated by the photoinitiator initiated chain polymerization with methacryloyl substitution. (C) Schematic of formation of patterned hydrogels using photolithography.](pone.0163902.g001){#pone.0163902.g001}

Evaluation of degree of methacrylation {#sec005}
--------------------------------------

The degree of methacrylation was measured using a method developed by Habeeb with TNBS as described previously \[[@pone.0163902.ref028], [@pone.0163902.ref029]\]. Briefly, freeze-dried GelMA was dissolved at 200 μg/ml (w/v) in 0.1 M sodium bicarbonate (pH 8.5). Then, 0.25 ml of 0.01% (w/v) TNBS solution was added to 0.5 ml of each sample solution and samples were incubated at 37°C for 2 h. To stop and stabilize the reaction, 0.25 ml of 10% sodium dodecyl sulfate (SDS) and 0.125 ml of 1 N hydrogen chloride (HCl) were added to each sample. Optical density (OD) was determined using a UV/vis spectrophotometer (OPTIZEN POP, Mecasys, Korea) at 335 nm. The extent of substitution was calculated by comparing the amount of remaining free amino groups in gelatin and GelMA.

Preparation of prepolymer solution {#sec006}
----------------------------------

Lyophilized GelMA macromer was dissolved in PBS containing 0.5% (w/v) 2-hydroxy-1-(4-(hydroxyethoxy)phenyl)-2-methyl-1-propanone (Irgacure 2959, CIBA Chemicals, Tarrytown, NY) as a photoinitiatior at 80°C, and subsequently used for fabrication of hydrogels.

Mechanical testing {#sec007}
------------------

Prepolymer (200 μl) was pipetted on to PDMS mold (10 mm (diameter) × 2.5 mm (thickness)) and exposed to 7.3 mW/cm^2^ UV light (360--380 nm) for 100 s ([Fig 1B](#pone.0163902.g001){ref-type="fig"}). Samples were incubated at room temperature in PBS for 24 h. The hydrogel discs were tested using a CT3 Texture Analyzer with a 4500 g load cell (Brookfield Engineering Laboratory, Stoughton, MA) in compression mode. A probe of 12.7 mm diameter was used to compress the samples at 0.01 mm/s. A stress-strain curve was obtained and compressive modulus was determined as the slope of the linear region corresponding to 5--15% strain. The number of samples was three per group.

Swelling test {#sec008}
-------------

Prepolymer (200 μl) was pipetted between two slide glass separated by a 1 mm spacer and exposed to 7.3 mW/cm^2^ UV light (360--380 nm) for 60 s. Immediately after hydrogel formation, each sample was placed in PBS at 37°C for 24 h. Excess PBS was removed and the weight of the swollen hydrogel was recorded. Samples were then lyophilized and the dried polymer weighed. The mass-swelling ratio was calculated as the ratio of swollen hydrogel mass to the mass of dry polymer. The number of samples was five per group.

Hydrogel degradation {#sec009}
--------------------

Prepolymer (30 μl) was pipetted on to Culturewell™ chambered coverslips (6 mm (diameter) × 1 mm (thickness)) and exposed to 7.3 mW/cm^2^ UV light (360--380 nm) for 60 s. Hydrogels were placed in 1.5 ml tubes containing 1 ml of PBS with 2 U/ml collagenase type II (Worthington Biochemical Corp., Freehold, NJ). Gels were incubated with collagenase type II at 37°C for 1.5, 3, 6, 9, 12, 18 and 24 h. At each time point, the collagenase solution was removed without disturbing the undigested hydrogel. The remaining hydrogel was washed with distilled water, all liquid was removed and gels were lyophilized. Subsequently, Dried hydrogels were subjected to morphological analysis by scanning electron microscopy (SEM). The percent degradation was calculated by the dried weight after digestion divided by the weight of untreated hydrogels. The sample size was three per group. Pore size frequency (%) was obtained from 5 SEM images per condition and calculated using ImageJ 1.50a software (National Institutes of Health, Bethesda, Maryland).

SEM Imaging {#sec010}
-----------

To confirm the morphology of degraded hydrogels, SEM images of lyophilized hydrogels after degradation were taken. The samples were cut to expose their cross-sections and coated with platinum using a sputter coater (Hitachi E-1030, Japan). Sample cross-sections were imaged using an SEM (Hitachi Model S-4300, Japan).

Cell culture {#sec011}
------------

NIH3T3 fibroblasts purchased from Korean Cell Line Bank (KCLB) were cultured in high-glucose Dulbecco's Modified Eagle's Medium (DMEM; Welgene, Daegu, Korea) supplemented with 10% FBS and 1% penicillin-streptomycin in a 5% CO~2~ atmosphere at 37°C, and passaged twice per week.

Cell characterization {#sec012}
---------------------

For cell adhesion studies, cylinder hydrogel (6 mm (diameter) × 1 mm (thickness)) were prepared in a similar manner as for degradation testing. We also fabricated micropatterned hydrogels (800 × 800 μm) using a photomask process \[[@pone.0163902.ref030]\] following exposure to 7.3 mW/cm^2^ UV light (360--380 nm) for 40 s ([Fig 1C](#pone.0163902.g001){ref-type="fig"}). These micropatterned hydrogel were utilized for assessing acute 2D cytotoxicity within the normalized area. All hydrogels were produced on TMSPMA-coated glass slides. NIH3T3 fibroblasts (2×10^5^ cells/ml) were trypsinized and resuspended in medium. Cell suspension was added to hydrogels, and incubated for 2 h. Medium was changed every 24 h for 5 days. To evaluate cell viability, cells were stained after 24 h using a calcein-AM/ethidium homodimer Live/Dead assay kit (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The fluorescence microscope (Nikon, ECLIPSE Ts2, Japan) was used to obtain the live and dead image and the number of live and dead cells from 3 randomly selected microgel units of three patterns of each GelMA group. The number of live and dead cells were counted using ImageJ 1.50a software. After 1 and 3 days, cells were stained with FITC-labeled phalloidin (Sigma) at 1:100 dilutions in blocking buffer for 100 min and DAPI (Sigma) at 1:1000 dilution in DPBS for 5 min to visualize F-actin filaments and nuclei, respectively. The stained samples were visualized using a fluorescence microscope. To evaluate cell proliferation on GelMA hydrogels, MTS assays (Celltiter 96 Aqueous One Solution, Promega, USA) were performed according to the manufacturer\'s instructions using three samples per group.

For 3D cell encapsulation studies, NIH3T3 were resuspended in media at a concentration of 4×10^6^ cells/ml and mixed into prepolymer containing 10% (w/v) GelMA and 1% (w/v) photoinitiator. The mixture containing 2×10^6^ cells/ml of cells, 0.5% of photoinitiator and 5% GelMA was pipetted between two microscope slides separated by a 150 μm spacer and exposed to 7.3 mW/cm^2^ UV light (360--380 nm) for 15 s on TMSPMA treated glass. The glass slides containing hydrogels were washed with DPBS and incubated for 5 days in NIH3T3 medium under standard culture conditions, with the media being changed every 24 h. After the cell encapsulation, a calcein-AM/ethidium homodimer Live/Dead assay was used to quantify cell viability within the hydrogels (3 h and 24 h). The images of live and dead cells were obtained from 3 randomly selected spots of three cylindrical hydrogels of each GelMA group. After 3 days of culture, encapsulated cells in hydrogels were stained with FITC-labeled phalloidin (green) at 1:100 dilutions in blocking buffer for 100 min and DAPI (blue) at 1:1000 dilutions in DPBS for 5 min for cytoskeleton staining. For cell proliferation measurement, encapsulated cell was subject to MTS assay according to the manufacturer' instructions using three samples per group.

Statistical Analysis {#sec013}
--------------------

To evaluate statistical significance, a one- or two-way ANOVA followed by Bonferroni\'s post-hoc test was performed. Data is means ± standard deviation (SD) and means were compared using unpaired Student's t-tests. A *p*-value \< 0.05 was considered to indicate statistical significance. All analyses were performed using GraphPad Prism 5.01 (GraphPad Software, La Jolla, CA).

Results and Discussion {#sec014}
======================

Degree of methacrylation {#sec015}
------------------------

GelMA with various degrees of methacrylation were synthesized using different concentrations of MA in PBS at 50°C. Since MA bonds mainly to reactive amine groups on the polypeptide backbone \[[@pone.0163902.ref009]\], the degree of methacrylation of GelMA was quantified by TNBS assay; the results confirmed the extent of substitution of free amine groups in gelatin and GelMA chains. We obtained fish GelMA with low (26.4 ± 7.5%), medium (55.9 ± 5.3%) and high (91.4 ± 3.1%) degrees of methacrylation by adding 0.25%, 1.25% and 20% (v/v) MA ([Fig 2A](#pone.0163902.g002){ref-type="fig"}). Therefore, fish GelMA with 20--90% methacrylation were successfully produced. A control sample comprising porcine GelMA with a high degree of methacrylation (91.3 ± 4.8%) did not show only significant difference when compared with fish GelMA in degree of methacrylation ([Fig 2B](#pone.0163902.g002){ref-type="fig"}).

![Degree of methacrylation as determined by TNBS assay.\
(A) Various volume percentages of methacrylic anhydride (0.25%, 1.25% and 20%) were analyzed to investigate the degree of methacrylation of the synthesized fish GelMA. (B) Comparison of a high degree of methacrylation (20% MA) according to the origin of gelatin (fish GelMA vs. porcine GelMA); there was no significant difference. The percentage of incorporated substitution was calculated by comparing the amount of remaining amino groups (-NH~2~) in GelMA to that in pristine gelatin. Error bars represent standard deviations (SDs) of measurements performed on six samples.](pone.0163902.g002){#pone.0163902.g002}

Mechanical properties {#sec016}
---------------------

The mechanical properties of the ECM influence cell behavior, function and differentiation \[[@pone.0163902.ref031]\]. To determine the effect of polymer concentration and methacrylation degree on the mechanical properties of fish GelMA hydrogels, unconfined compression tests were performed using swollen hydrogels. The compressive modulus of fish GelMA hydrogels with a high degree of methacrylation was significantly higher than that of fish GelMA hydrogels with low and medium degrees of methacrylation ([Fig 3A](#pone.0163902.g003){ref-type="fig"}). In addition, the compressive modulus of fish GelMA hydrogels increased with increasing polymer concentration. The 5% and 10% (w/v) GelMA with a low degree of methacrylation could not be tested because they were too weak to be handled. The stress-strain curve for the 15% (w/v) GelMA hydrogel shows that increasing the degree of methacrylation increased the stiffness at all strain levels for all three gel concentrations ([Fig 3B](#pone.0163902.g003){ref-type="fig"}). We investigated the compressive moduli of fish and porcine GelMA at 5%, 10% and 15% with a high degree of methacrylation ([Fig 3C and 3D](#pone.0163902.g003){ref-type="fig"}). The compressive moduli of fish and porcine GelMA hydrogels significantly differed at 10% and 15% GelMA concentration ([Fig 3C](#pone.0163902.g003){ref-type="fig"}). The low strength of fish GelMA hydrogels was due to their different amino acid composition and molecular weight distribution \[[@pone.0163902.ref026], [@pone.0163902.ref032]--[@pone.0163902.ref035]\]. Gelatin from cold-water fish skin and mammalian gelatin contain the same quantity of lysine, which is a major methacrylation site. However, cold-water fish gelatin has fewer hydrophobic amino acids (alanine, valine, leucine, isoleucine, proline, phenylalanine, and methionine) and imino acids (proline and hydroxyproline) than mammalian gelatin \[[@pone.0163902.ref036], [@pone.0163902.ref037]\]. Therefore, even at a similar degree of methacrylation and photopolymerization conditions, gels produced using fish GelMA may have insufficient hydrophobic interactions, and could be easily deformed even by a small force due to having relatively lower number of imino acids which provide structural stability. Therefore, the expected strength of hydrogels based on fish gelatin is lower.

![Mechanical properties of fish GelMA hydrogels with various degrees of methacrylation and gel percentages.\
(A) Compressive modulus for 5%, 10% and 15% (w/v) fish GelMA at low, medium and high degree of methacrylation, with the exception of low degree, 5% and 10% (w/v) GelMA which formed gels too weak to be handled for testing. (B) Representative stress-strain curve of a 15% (w/v) GelMA according to degree of methacrylation. (C) Comparison of fish and porcine GelMA hydrogels with a high degree of methacrylation. (D) Representative curve of 15% (w/v) GelMA for fish and porcine GelMA comparison. Conditions of 10% and 15% (w/v) GelMA were significantly different (\*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001). Error bars represent SDs of measurements performed on 3 samples.](pone.0163902.g003){#pone.0163902.g003}

Swelling characteristic {#sec017}
-----------------------

The swelling characteristic of hydrogels is important as it influences solute diffusion and mechanical properties \[[@pone.0163902.ref009]\]. The swelling behavior of hydrogels depends on their structural properties, such as their interaction with the solvent, cross-linking density and hydrophilicity \[[@pone.0163902.ref038], [@pone.0163902.ref039]\]. To investigate the swelling behavior, we fabricated fish GelMA hydrogels using diverse conditions (low, medium and high degree of methacrylation and 5%, 10% and 15% (w/v) GelMA). All gels were fully swelled in DPBS at 37°C for 24 h. Then, the mass-swelling ratio of the swollen sample to the dry mass of polymer was calculated. However, we could not obtain the swelling ratio of the 5% and 10% (w/v) fish GelMA with a low degree of methacrylation due the structural weakness of the gels produced. The mass-swelling ratio increased with decreasing degree of methacrylation and/or GelMA concentration, as has been reported previously \[[@pone.0163902.ref009], [@pone.0163902.ref040]\] ([Fig 4A](#pone.0163902.g004){ref-type="fig"}). To compare the swelling ratios of fish and porcine GelMA with a high degree of methacrylation, porcine GelMA hydrogels were fabricated using the same method as for fish GelMA hydrogels ([Fig 4B](#pone.0163902.g004){ref-type="fig"}). The mass-swelling ratios of porcine GelMA gels were similar to those of fish GelMA hydrogels expect for 5% (w/v) GelMA concentration. The values of 5% (w/v) fish and porcine GelMA were 19.8 ± 0.8 and 11.2 ± 1.1, respectively, a twofold difference. Fish GelMA showed a higher swelling ratio than porcine GelMA, with the exception of 10% (w/v) gel. The swelling properties of the fish GelMA hydrogel are dependent mainly on the pore size, the crosslinking density of the polymer network and the interaction between the polymer and solvent \[[@pone.0163902.ref038]--[@pone.0163902.ref041]\]. In this respect, the swelling degree of hydrogel is inversely proportional to the gel concentration because the polymer network density increases with increasing gel concentration \[[@pone.0163902.ref040]\]. This assumption is supported by the mechanical testing result that fish GelMA formed a softer hydrogel than porcine GelMA ([Fig 3D](#pone.0163902.g003){ref-type="fig"}). In addition, the fish gelatin has higher number of hydrophilic amino acid relative to mammalian gelatin resulting in increased swelling ratio of fish GelMA hydrogel compared with porcine GelMA gels \[[@pone.0163902.ref036], [@pone.0163902.ref037]\].

![Equilibrium swelling properties of GelMA hydrogels.\
(A) The mass swelling ratios of fish GelMA hydrogels containing 5%, 10% and 15% (w/v) GelMA and low, medium and high degrees of methacrylation were significantly different (\*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001). GelMA (5% and 10% (w/v)) with low methacrylation produced hydrogels which were too weak to be handled and therefore were not tested. (B) Comparison of fish and porcine GelMA hydrogels with a high degree of methacrylation. Error bars represent SDs of measurements of five samples.](pone.0163902.g004){#pone.0163902.g004}

Degradation profiles {#sec018}
--------------------

The degradation properties of hydrogels play an important role in creation of a cellular microenvironment appropriate for 3D tissue engineering. In particular, GelMA retains target sequences of matrix metalloproteinases (MMPs) \[[@pone.0163902.ref002]\]. Therefore, cells encapsulated in GelMA hydrogels can degrade and remodel the surrounding hydrogel by replacing it with cell-secreted ECM \[[@pone.0163902.ref002], [@pone.0163902.ref028], [@pone.0163902.ref042]--[@pone.0163902.ref044]\]. To confirm and compare the degradation profile of fish and porcine GelMA hydrogels, enzyme-mediated degradation tests were performed using various degrees of methacrylation and gel concentrations. All samples were immersed in 2 U/ml of collagenase type II solution for 0, 1.5, 3, 6, 9, 12, 18 and 24 h. The degradation rate of fish and porcine GelMA hydrogels decreased as the gel concentration increased ([Fig 5A and 5B](#pone.0163902.g005){ref-type="fig"}). The fish GelMA hydrogel completely degraded within 24 h under all conditions, with the exception of 15% (w/v) fish GelMA with a high degree of methacrylation with 47.7 ± 3.1% of hydrogel remaining ([Fig 5A](#pone.0163902.g005){ref-type="fig"}). Regarding fish and porcine GelMA (10% (w/v)), 95.6 ± 2.2% and 56.8 ± 2.2% of the fish GelMA remained after 1.5 and 9 h, respectively, compared to 97.5 ± 2.1% and 96.3 ± 2.1%, respectively, for porcine GelMA ([Fig 5B](#pone.0163902.g005){ref-type="fig"}). Scanning electron microscopy was performed to confirm the difference in degradation of 10% GelMA hydrogels ([Fig 5C--5J](#pone.0163902.g005){ref-type="fig"}). The cross-sectional SEM image revealed different morphologies between the two samples after degradation. After 9 h, porcine GelMA maintained an ordered and porous microstructure ([Fig 5J](#pone.0163902.g005){ref-type="fig"}) compared to the collapsed, disordered microstructure of degraded fish GelMA ([Fig 5F](#pone.0163902.g005){ref-type="fig"}). Furthermore, untreated fish and porcine GelMA hydrogels had similar average pore diameters (22.4 ± 2.2 μm and 17.5 ± 2.5 μm, respectively), but after 9 h, fish GelMA hydrogels resulted in a larger pore diameter compared to porcine hydrogels (36.2 ± 9.4 μm and 26.5 ± 11.1 μm, respectively). The high degradation rates of fish GelMA hydrogel may be due to the unique amino acid composition of fish gelatin. Fish gelatin contains fewer content of imino acid that provide structural stability compared to porcine gelatin \[[@pone.0163902.ref036], [@pone.0163902.ref037]\], resulting in lower gel strength and higher water swelling properties (Figs [3](#pone.0163902.g003){ref-type="fig"} and [4](#pone.0163902.g004){ref-type="fig"}). In this context, fish gelatin has a lower structural stability enabling rapid infiltration of the enzyme into the hydrogel, causing faster degradation rates. Thus, cells encapsulated within the 10% and 15% porcine GelMA hydrogels could not readily spread and proliferate in, and degrade the hydrogel \[[@pone.0163902.ref009]\], because such gels exhibited a smaller and dense pore network. However, fish GelMA hydrogels have a lower mechanical modulus with a lower structural stability than porcine GelMA gels at the same gel concentration. Therefore, encapsulated cells in fish GelMA hydrogels might exhibit superior spreading, migration, and proliferation than those in porcine GelMA hydrogels.

![Degradation characteristics of fish GelMA hydrogels.\
(A) Degradation profiles of fish GelMA hydrogels with various degrees of methacrylation (low, medium and high) and GelMA concentrations (5%, 10% and 15%) upon exposure to collagenase type II. (B) Comparison of fish and porcine GelMA hydrogels with high degree of methacrylation and 10% gel concentration. Error bars represent SDs of measurements performed on three samples. Representative cross-sectional SEM images of fish GelMA (C\~F) and porcine GelMA (G\~J) hydrogels reveal different gel morphologies after degradation with collagenase type II. (K) Pore size distribution of GelMA hydrogels (Pore size frequency obtained from 5 SEM images per condition).](pone.0163902.g005){#pone.0163902.g005}

Cell adhesion to 2D GelMA surfaces {#sec019}
----------------------------------

Biomaterials have been utilized in various applications, such as artificial vessels and bones, which are directly inserted into the body to repair or replace damaged tissue. Therefore, assessment of cell behavior (viability, adhesion and proliferation) on biomaterials is crucial \[[@pone.0163902.ref045], [@pone.0163902.ref046]\]. Fish GelMA hydrogel with a high degree of methacrylation were selected due to its ease of handling and microstructure forming ability (Figs [6](#pone.0163902.g006){ref-type="fig"} and [7](#pone.0163902.g007){ref-type="fig"}). In [Fig 6A--6C](#pone.0163902.g006){ref-type="fig"}, fish GelMA at varying concentrations could be successfully micropatterned with high pattern fidelity. To evaluate cellular toxicity on the surface of the micropatterned fish GelMA hydrogels, NIH3T3 fibroblasts were seeded. NIH3T3 cells readily adhered to the surface of micropatterned fish GelMA hydrogels (800 × 800 μm) at all concentrations ([Fig 6D--6F](#pone.0163902.g006){ref-type="fig"}) and showed a viability of \>90% at 24 h after attachment ([Fig 6G](#pone.0163902.g006){ref-type="fig"}). In addition, cells also readily adhered to the larger surface of fish GelMA hydrogel (diameter = 6 mm) of various concentrations ([Fig 7](#pone.0163902.g007){ref-type="fig"}). Seeded cells were elongated and formed interconnected cellular networks on fish GelMA hydrogel under all conditions on day 3 ([Fig 7A, 7B, 7D, 7E, 7G and 7H](#pone.0163902.g007){ref-type="fig"}). After 5 days of culture, fish GelMA hydrogels under all conditions were completely covered by cells (data not shown). In GelMA hydrogels with low mechanical moduli, notably 5% (w/v) gel concentration, cells separately elongated ([Fig 7A--7C](#pone.0163902.g007){ref-type="fig"}), while cells on hydrogels with high mechanical moduli were polygonal and interconnected with surrounding cells ([Fig 7G--7I](#pone.0163902.g007){ref-type="fig"}). The difference of cellular morphology between Figs [6](#pone.0163902.g006){ref-type="fig"} and [7](#pone.0163902.g007){ref-type="fig"} was caused by distinct stiffness properties of the respective hydrogel substrates ([Fig 6D--6F](#pone.0163902.g006){ref-type="fig"} and [Fig 7B, 7E and 7H](#pone.0163902.g007){ref-type="fig"}). To micropattern fish GelMA hydrogel, the UV curing time was adjusted to be shorter (40 s) than that of cylindrical fish GelMA hydrogel (60 s). The shorter curing time provided minimum cross-linking density required for the formation of hydrogel, thereby lowering the gel stiffness \[[@pone.0163902.ref021], [@pone.0163902.ref047]\] followed by different morphology of cells attached on the respective surfaces \[[@pone.0163902.ref048], [@pone.0163902.ref049]\]. Nonetheless, the difference of mechanical properties did not appear to affect the results of cytotoxicity testing of our material in this case. By day 5 of culture, cell proliferation increased fivefold compared to day 1 under all conditions, and there was no significant difference between samples at the same GelMA concentration ([Fig 7J--7L](#pone.0163902.g007){ref-type="fig"}). Natural proteins that contain RGD sequences and MMP-sensitive sequences are attractive materials for cell-reactive scaffolds \[[@pone.0163902.ref050], [@pone.0163902.ref051]\]. Use of natural-sourced protein, such as gelatin, would eliminate the effort required to incorporate cell-sensitive motifs in the engineered scaffold. Since fish GelMA hydrogels also possess cell binding sites (RGD sequence), cells readily bind to them (Figs [6](#pone.0163902.g006){ref-type="fig"} and [7](#pone.0163902.g007){ref-type="fig"}). Furthermore, cells readily proliferated, elongated and formed interconnected networks with surrounding cells on the fish GelMA hydrogel ([Fig 7](#pone.0163902.g007){ref-type="fig"}). These data suggest that our fish GelMA hydrogel can be used as a highly biocompatible material in various biomedical fields.

![Fabrication of micropatterned fish GelMA hydrogel and viability of cells on micropatterned gel surfaces.\
NIH3T3 cells readily adhered to fish GelMA surfaces irrespective of macromer concentration. (A-C) Pattern fidelity of fish GelMA using 5%, 10% and 15% macromer (scale bar = 800 μm). (D-F) LIVE/DEAD assay at 24 h after adhesion (scale bar = 200 μm). (G) Quantification of cell viability demonstrated high cell survival under all conditions and there was no significant difference between GelMA conditions. Error bars represent SDs of averages obtained from five images per condition.](pone.0163902.g006){#pone.0163902.g006}

![Cell adhesion and proliferation on fish GelMA surfaces.\
NIH3T3 cells on 5%, 10% and 15% (w/v) GelMA with a medium and high degree of methacrylation adhered and proliferated (day 5). (A-I) Representative images of NIH3T3 cells on fish GelMA surfaces stained with phalloidin (green)/DAPI (blue) on day 1 and day 3 of culture (scale bar = 100 μm). (J-L) MTS assay of cells on GelMA hydrogels after 1, 3 and 5 days. Error bars represent SDs of averages of three samples per condition. There were no significant differences between fish and porcine GelMA.](pone.0163902.g007){#pone.0163902.g007}

3D cell encapsulation in GelMA {#sec020}
------------------------------

To examine the feasibility to employ our fish GelMA hydrogel to tissue engineering applications, NIH3T3 cells were encapsulated in the fish GelMA hydrogels (h = 150 μm). Hydrogels with 5% (w/v) gel were selected based on our previous data since cells embedded in 10% and 15% (w/v) GelMA hydrogels showed negligible activities in cell migration or degrading the hydrogels \[[@pone.0163902.ref009]\]. Encapsulated cells were cultured for 5 days and cell viability was assessed using the LIVE/DEAD assay kit ([Fig 8A--8F](#pone.0163902.g008){ref-type="fig"}). In results, cells in both fish and porcine GelMA hydrogels were highly viable during the culture period, maintaining high levels of viability at approximately 90%. ([Fig 8P](#pone.0163902.g008){ref-type="fig"}). After 2 days of culture, encapsulated cells elongated and formed interconnected networks regardless of the types of GelMA ([Fig 8G--8I](#pone.0163902.g008){ref-type="fig"}). The phalloidin staining results further confirmed the elongated and spread cell morphologies demonstrated in the microscopic observation data ([Fig 8J--8O](#pone.0163902.g008){ref-type="fig"}). However, there was a difference in cellular morphologies observed between fish and porcine GelMA hydrogels. As aforementioned, hydrogel stiffness can affect cellular morphologies such that cells encapsulated in the fish GelMA tended to be more elongated than those in the porcine GelMA due to its lower stiffness \[[@pone.0163902.ref004]\]. Meanwhile, routine cell proliferation was also observed in both fish and porcine GelMA hydrogel without significant differences as evaluated by the MTS assay during the culture period ([Fig 8Q](#pone.0163902.g008){ref-type="fig"}). Recently, various cell culture techniques in 3D scaffolds have been used because 2D cell cultures (monolayer form) cannot be used to investigate the behavior of native cells. The existing porcine GelMA has received much attention because it meets the requirements for biomaterials, such as biofunctionality and mechanical variability \[[@pone.0163902.ref002], [@pone.0163902.ref051]\]. In this regard, fish GelMA could also be used for 3D culture and show higher initial cell survival ([Fig 8](#pone.0163902.g008){ref-type="fig"}). These data suggest that fish GelMA could be useful as scaffolds for 3D cell culture.

![Behavior of cells encapsulated in fish GelMA hydrogels.\
(A-F) NIH3T3 cells embedded in medium and high degree of methacrylation fish GelMA containing 5% (w/v) GelMA were stained using calcein-AM/ethidium homodimer at 3 h and 24 h after encapsulation to evaluate the cell viability compared to high degree of methacrylation porcine GelMA. (G-I) After 2 days of culture, cells proliferated and elongated in fish and porcine GelMA hydrogel. (J-L) Representative images of the cells stained with phalloidin for the actin filaments (green) and nuclei counterstained with DAPI (blue) at 72 h. (P) Viability of the encapsulated cells. (Q) Quantification of cell proliferation in GelMA hydrogel until 5 days. Cell proliferation rate was not significantly different at all condition.](pone.0163902.g008){#pone.0163902.g008}

Conclusions {#sec021}
===========

In this study, the characteristics of fish GelMA derived from cold-water fish gelatin and its potential for various applications were demonstrated. In particular, the physical properties of fish GelMA were tunable depending on the degree of methacrylation and the gel concentration. The compressive moduli of fish GelMA were relatively lower than those of porcine GelMA under identical conditions. However, the degradation rate was higher than that of porcine GelMA hydrogel. Since the melting and gelling points of fish GelMA were lower than those of porcine GelMA, fish GelMA exhibited easier handling even at high gel concentrations, and could readily incorporate heat-sensitive molecules. For instance, fish GelMA can be solubilized with ease at room temperature, while porcine GelMA requires heat and readily solidifies at RT at higher gel concentrations (\> \~15%). Even at high gel concentrations, fish GelMA solution did not solidify, but remained a viscous fluid that underwent slow coagulation at room temperature. This capability renders fish GelMA suitable for diverse applications, such as medical adhesive or delivery of molecules that denature at high temperature (e.g., vitamins). Furthermore, fish GelMA may have potential as a bio-ink for 3D printing application, because it readily melts at the temperature typically used for cell culture (\~37°C). Fish GelMA also showed high fidelity for microscale-patterning applications. Cells cultured in fish GelMA hydrogel showed high viability and proliferation and formed networks with surrounding cells. For 3D encapsulation, cells in fish GelMA hydrogel also retained high viability until 24 h after encapsulation and proliferation rate of encapsulated cells in fish GelMA for 5 days was comparable with cells encapsulated in porcine GelMA. These data suggest that gelatin from cold-water fish may be used to develop engineered biomaterials for drug delivery, regenerative medicine and tissue engineering.

Supporting Information {#sec022}
======================

###### The raw data for TNBSA test ([Fig 2](#pone.0163902.g002){ref-type="fig"}).

\(A\) Degree of methacrylation of fish GelMA ([Fig 2A](#pone.0163902.g002){ref-type="fig"}). (B) Comparison of a high degree of methacrylation (20% MA) according to the origin of gelatin (fish GelMA vs. porcine GelMA) ([Fig 2B](#pone.0163902.g002){ref-type="fig"}).

(XLSX)

###### 

Click here for additional data file.

###### The raw data for mechanical test ([Fig 3](#pone.0163902.g003){ref-type="fig"}).

\(A\) Compressive modulus for fish GelMA hydrogels ([Fig 3A](#pone.0163902.g003){ref-type="fig"}). (B) Representative stress-strain curve of fish GelMA hydrogels ([Fig 3B](#pone.0163902.g003){ref-type="fig"}). (C) Comparison of fish and porcine GelMA hydrogels ([Fig 3C](#pone.0163902.g003){ref-type="fig"}). (D) Representative curve of 15% (w/v) GelMA for fish and porcine GelMA comparison ([Fig 3D](#pone.0163902.g003){ref-type="fig"}).

(XLSX)

###### 

Click here for additional data file.

###### The raw data for swelling test ([Fig 4](#pone.0163902.g004){ref-type="fig"}).

\(A\) The mass swelling ratios of fish GelMA hydrogels ([Fig 4A](#pone.0163902.g004){ref-type="fig"}). (B) Comparison of fish and porcine GelMA hydrogels ([Fig 4B](#pone.0163902.g004){ref-type="fig"}).

(XLSX)

###### 

Click here for additional data file.

###### The raw data for hydrogel degradation test ([Fig 5](#pone.0163902.g005){ref-type="fig"}).

\(A\) Degradation profiles of fish GelMA hydrogels ([Fig 5A](#pone.0163902.g005){ref-type="fig"}). (B) Comparison of fish and porcine GelMA hydrogel ([Fig 5B](#pone.0163902.g005){ref-type="fig"}). (C) Pore size of GelMA hydrogels ([Fig 5K](#pone.0163902.g005){ref-type="fig"}).

(XLSX)

###### 

Click here for additional data file.

###### The raw data for cell viability test of 2D cell culture ([Fig 6](#pone.0163902.g006){ref-type="fig"}).

(XLSX)

###### 

Click here for additional data file.

###### The raw data for cell proliferation test of 2D cell culture ([Fig 7](#pone.0163902.g007){ref-type="fig"}).

(A-C) MTS assay of cells on GelMA hydrogel (Figs J-K).

(XLSX)

###### 

Click here for additional data file.

###### The raw data for 3D cell culture test ([Fig 8](#pone.0163902.g008){ref-type="fig"}).

\(A\) Cell viability of the encapsulated cells ([Fig 8P](#pone.0163902.g008){ref-type="fig"}). (B) Quantification of cell proliferation in GelMA ([Fig 8Q](#pone.0163902.g008){ref-type="fig"}).

(XLSX)

###### 

Click here for additional data file.
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